Protein-derived radicals play an important role in enzymatic catalysis (1) . The tyrosyl radical has been identified in a number of enzyme systems including photosystem II (2,3), ribonucleotide reductase (4, 5) , prostaglandin H synthase (6) , DNA photolyase (7, 8) , and bovine liver catalase (9) . Modified tyrosyl radicals have been observed in galactose oxidase (10, 11) and cytochrome c oxidase (CcO) (12) . The reaction of a tyrosyl radical cofactor with nitric oxide (NO) has been shown to inhibit enzyme activity. When photosystem II is exposed to NO the stable tyrosyl radical cofactor Y D
• is reversibly quenched (13) . In addition, NO reversibly quenches the redox active Y Z • in manganese-depleted photosystem II and the S3 state (an exchange coupled complex involving Y Z • ) in acetate-treated photosystem II (14) . When ribonucleotide reductase is exposed to NO, enzymatic activity is diminished; in addition the tyrosyl radical cofactor that resides on the R2 subunit is reversibly quenched (15) (16) (17) . The above studies with photosystem II and ribonucleotide reductase provide important insights into the reactivity of the tyrosyl radical and NO, but provide little information regarding the nature of the tyrosyl radical/NO interaction.
Exposure of photosystem II to NO followed by illumination at 200 K results in the quenching of the tyrosyl radical and the formation of an additional radical species that was assigned by ESR as the tyrosine iminoxyl radical (>C=N-O • ) based on the large nitrogen hyperfine coupling constant (A iso = 29.3 G) (18) . When prostaglandin H synthase-2 is exposed to NO the tyrosyl radical associated with enzymatic turnover is eliminated and an additional radical species, similar to the one seen during the NO exposure/illumination in photosystem II, is detected. This radical is also assigned to the tyrosine iminoxyl radical (19, 20) . The observation of the tyrosine iminoxyl radical species in photosystem II and prostaglandin H synthase-2 prompted these authors to propose Scheme 1.
insert <Scheme 1>
The reaction between tyrosyl radical (A) and NO is near diffusion limited (1-2 x 10 9 M -1 s -1 ) (21); a major product is expected to be the ESR-silent 3-nitrosocyclohexadienone species (B). A prototropic rearrangement of B results in the formation of 3-nitrosotyrosine (C), which is in equilibrium with its oxime tautomer, C′ ′ ′ ′. The one-electron oxidation of C or C′ ′ ′ ′ results in the formation of the tyrosine iminoxyl radical (D). The source of the oxidative equivalent needed to convert C/C′ ′ ′ ′ to D in the enzyme systems is not clear, although it has been proposed that C/C′ ′ ′ ′ is oxidized by the light-driven reactions in photosystem II (18) and by the peroxidase activity in by guest on October 5, 2017 http://www.jbc.org/ Downloaded from prostaglandin H synthase-2 (19). The one-electron oxidation of the iminoxyl radical has been proposed to form 3-nitrotyrosine (19).
We have continued the investigation of the tyrosyl radical and NO chemistry depicted in Scheme 1. Although the ESR spectra of the iminoxyl radicals detected in photosystem II and prostaglandin H synthase-2 strongly supports the chemistry in Scheme 1, the ESR spectra are from polycrystalline samples with broad ESR linewidths and display a single hyperfine coupling from the iminoxyl nitrogen. The nitrogen hyperfine parameters are identified as originating from the nitrogen of NO, however no tyrosine-derived nuclei are identified; hence the iminoxyl radical was not unequivocally identified as originating from tyrosine. We report in this paper the ESR detection of the protein-free L-tyrosine iminoxyl radical generated by two methods: 1)
peroxidase oxidation of synthetic 3-nitroso-N-acetyl-L-tyrosine, and 2) peroxidase oxidation of free L-tyrosine in the presence of NO. The immobilized (77 K) ESR spectrum of the N-acetyl-Ltyrosine iminoxyl radical was nearly identical to the iminoxyl radical detected in photosystem II
and prostaglandin H synthase-2. The reactivity of the tyrosine iminoxyl radical with the antioxidant ascorbate was also investigated. HRP was recovered from the dialysis cassette and coupled to an activated agarose gel bead support (Affi-Gel 10) via the primary amino group as outlined in the product literature. A subscript "i" will be used to denote the immobilized enzyme (i.e. immobilized horseradish peroxidase = HRP i ). The use of immobilized enzymes for the direct ESR detection of enzyme generated radicals was developed and evaluated in our laboratory. 1 The HRP i (~100 µl) was 
Radical Generating Procedure using HRP
tyrosine (4 mM) was dissolved in 50 mM phosphate buffer pH 7.4 followed by the addition of H 2 O 2 (1 mM). The tyrosine/ H 2 O 2 solution (50 ml) was then transferred to a 60 ml syringe and then deaerated by purging with N 2 or Ar gas for 20 minutes. When NO was used, the N 2 or Ar purge was followed by purging the solution for 10 minutes with NO gas. The NO gas was initially passed through a scrubbing solution (10% KOH by weight) to remove contaminating higher oxides of nitrogen before bubbling through the tyrosine/H 2 O 2 solutions. Before use, solutions were removed from the NO system and allowed to equilibrate to the desired 1.9 mM concentration. The solution was then flowed over HRP i at 2 ml/min and the ESR spectrum was recorded. Flow was controlled using a Harvard PHD 2000 syringe pump (Holliston, MA). The reaction mixture was in contact with the immobilized enzyme for ~2 sec while passing through the sensitive region of the ESR spectrometer. For experimental consistency all solutions were deaerated for 20 min prior to ESR data collection. When ascorbate was included in the reaction mixture, a small volume of ascorbic acid stock solution (DI water, N 2 purged) was added to the deoxygenated tyrosine/H 2 O 2 solution prior to the addition of NO.
Radical Generating Procedure using HRP/H
tyrosine iminoxyl radical was generated by mixing free HRP (100 µg/ml), H 2 O 2 (80 µM) and 3-nitroso-N-acetyl-L-tyrosine (~0.4 mM). This mixture was transferred to the ESR flat cell using an aspiration technique that allows ESR detection to be started within 10 seconds of initiating radical generation (25) . The data presented in Fig. 4 used a phosphate buffer with 50 % ethylene glycol to prevent aggregation upon freezing. Final buffer concentration was 50 mM, pH 7.8.
ESR Procedure/Analysis -ESR spectra presented in Figs. 1, 2, and 3 were collected at room temperature using a Bruker EMX spectrometer equipped with a SHQ cavity (Bruker Co., Billerica, MA) operated at 9.8 GHz with a 100-kHz modulation frequency. Spectrometer settings were 10 mW microwave power, 1 G modulation amplitude, 164 ms time constant, 84 s scan time and an average of 9 scans over 100 G scan range. ESR spectra for Figs. 4A and 5 were collected at room temperature using a Bruker Elexsys E 500 spectrometer equipped with a SHQ cavity (Bruker Co., Billerica, MA) operated at 9.8 GHz with a 100-kHz modulation frequency.
Spectrometer settings were 10 mW ( Fig. 4A ) scans over 80 G (Fig. 5 ) and 100 G (Fig. 4A) Fig. 2 and 3 ) developed in our laboratory (26) and XSophe (Fig. 4) (Bruker, Co.).
Absolute radical concentrations were measured against a 140 nM TEMPO standard (a stable nitroxide radical). Radical concentrations were measured by double integration of the ESR simulations of a given spectrum. The integration of the simulation provided numerical data that was unaffected by experimental baseline variations between data sets. (1.9 mM) was flowed over HRP i at 2 ml/min is shown in Fig. 1A . The ESR spectrum detected was a composite of two radical species that can be simulated using the known hyperfine coupling constants for the tyrosyl radical (27) and a radical species assigned as the tyrosine iminoxyl radical (a N = 28.4 G and a H = 2.2 G) (Fig. 2, D in Scheme 1). The proton coupling of 2.2 G originated from tyrosine and was assigned to the proton ortho to the phenoxyl oxygen (see Tyrosine Isotopic Substitution below). The assignment of the tyrosine iminoxyl radical was based on reported analogous iminoxyl radical hyperfine parameters (28, 29) . As outlined in Scheme 1, the tyrosine iminoxyl radical is proposed to result form the secondary oxidation of 3-nitrosotyrosine (C) or the corresponding oxime (C′ ′ ′ ′) formed from the reaction of the tyrosyl radical with NO. When NO was excluded from the reaction solution only the tyrosyl radical was observed (Fig. 1B) . It should be noted that NO is a good substrate for both HRP-I/II 2 (30) and that the product of this reaction is NO + , which at neutral pH values is converted to nitrite. The addition of nitrite did not significantly affect the ESR spectrum (Fig. 1C ) (31) . Only a weak, unrelated ESR signal was detected with HRP i alone (Fig 1D) . The tyrosyl radical was a necessary precursor to the tyrosine iminoxyl radical (data not shown). The tyrosyl radical ESR signal requires H 2 O 2 ( Fig. 1E ) and L-tyrosine (Fig. 1F) .
Tyrosine Isotopic Substitution -The structure of the tyrosine iminoxyl radical shown as D in Scheme 1 is the most logical (18, 19) , however this structure has not been unequivocally assigned. Although NO can initially add to the tyrosyl radical at all positions of high spin density As reference spectra, Fig. 3A -C presents the tyrosyl radical spectrum (Fig. 3A) , the composite spectrum containing the tyrosyl radical and the tyrosine iminoxyl radical (Fig. 3B) , and the simulation of the composite spectrum (Fig. 3C) . Note that the tyrosine iminoxyl spectrum is characterized by a single nitrogen and a single proton coupling. Isotopic substitution of Ltyrosine with the 3,5-d 2 -L-tyrosine (see Scheme 1 for atom numbering) resulted in the collapse of the small 2.2 G hyperfine coupling constant of the tyrosine iminoxyl radical (Fig. 3E ). This observation confirms the identity of the 2.2 G proton coupling to be in the 5-position. In addition, the tyrosyl radical spectrum changed as predicted by the difference in the gyromagnetic ratio between protons and deuterons; thus confirming the original 3,5-d 2 isotopic substitution.
Isotopic substitution of tyrosine with 2,6-d 2 -L-tyrosine did not affect the tyrosine iminoxyl radical signal (Fig. 3H) , although the tyrosyl radical ESR spectrum changed accordingly, again confirming the original 2,6-d 2 isotopic substitution. 3 The HRP i /H 2 O 2 /tyrosine/NO system under investigation here clarifies a previous discussion about the formation of the tyrosyl radical/NO weak complex in the presence of additional oxidizing equivalents (18, 19) . The reversible reaction of NO and tyrosyl radical can act to "buffer" the tyrosyl radical concentration (45) . Since the HRP i /H 2 O 2 system described in this paper can provide oxidizing equivalents (as is the case with photosystem II and prostaglandin H synthase-2) the relatively slow reversible nature of the NO/tyrosyl radical reaction may be less concentration of the tyrosyl radical is quite low, it is not expected to be the major source of oxidizing equivalents in our system. In non-enzymatic radical generating systems, the tyrosyl radical may be the only source of oxidizing equivalents and hence the formation of the iminoxyl radical would be expected to be significantly less then in an enzymatic system (46) .
HRP Oxidation of 3-Nitroso-N-acetyl-L-tyrosine -
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